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Abstract
The cloaking performance of two microwave
cloaks, both based on the recently proposed
transmission-line approach, are studied using com-
mercial full-wave simulation software. The cloaks
are shown to be able to reduce the total scattering
cross sections of metallic objects of some restricted
shapes and sizes. One of the studied cloaks is elec-
trically small in diameter, and the other is elec-
trically large, with the diameter equal to several
wavelengths.
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I. INTRODUCTION
Cloaking, i.e., the reduction of an object’s total
scattering cross section for arbitrary incidence di-
rections, has recently gained wide interest in the
literature, see the review paper by Alu` et al. [1] for
a representative list of references and explanations
of the main cloaking principles. There exists sev-
eral different approaches to cloaking, such as the
coordinate-transformation approach [2, 3, 4] and
the so-called plasmonic cloaking [1, 5].
In addition to the aforementioned cloaking tech-
niques, an alternative aproach has been proposed
recently [6]. This approach is based on the use of
transmission-line networks that are coupled with
the surrounding medium, and it has been studied
in our recent papers [6, 7, 8, 9]. In this paper
we study two cloaks that are based on the de-
signs presented in [7, 8] and analyse their cloak-
ing performance in free space. Both studied cloaks
are cylindrically shaped and consist of periodically
stacked two-dimensional networks of transmission
lines. One of the cloaks is electrically small, with
the diameter of the cloaked region about one fourth
of the wavelength. The other cloak is electrically
large, with the diameter of the cloaked region be-
ing approximately four wavelengths. Both cloaks
are studied under free space conditions with TE-
polarized plane wave illumination.
To get more insight on the applicability of these
types of cloaks in realistic antenna applications
(ideal plane-wave illumination is not a good ap-
proximation for many practical situations), we ap-
ply the designed electrically small cloak in a situa-
tion where a metallic object is placed near a radi-
ating dipole antenna, thus affecting the radiation
pattern of the antenna.
II. ELECTRICALLY LARGE CLOAK
The electrically large cloak is similar to the one
recently presented in [8]. We use a two-dimensional
transmission-line network with the shape as illus-
trated in Fig. 1. The transmission lines are com-
posed of parallel metal strips and the coupling be-
tween the network and the free space surround-
ing the network is achieved by using a “transition
layer.” This layer is formed by gradually enlarg-
ing the transmission line strips to cover the whole
interface between the network and free space [6].
In this case the two-dimensional network lies in the
xy-plane, and the cloak structure can be made vol-
umetric by stacking these networks on top of each
other along the z-direction [6, 7, 8, 9].
The objects that can be cloaked with this set of
networks include two-dimensional arrays or three-
dimensional meshes of metal or any other material.
Any type of object that can fit in the space that is
2FIG. 1: Electrically large cloak. The network of
parallel-strip transmission lines lies in the xy-plane.
The inset shows a magnification of a part of the cloak
with dimensions.
inside the cloak but outside the sections of trans-
mission lines, can be cloaked with this approach.
The cloaking effect is naturally best for cloaking
of metallic objects since alone these objects scat-
ter significantly.
The cloaking efficiency of the electrically large
cloak of Fig. 1 is studied using a commercial full-
wave simulation software Ansoft HFSS [10]. To
simplify the simulations, we consider the cloak
structure to be infinitely high, i.e., there is an
infinite number of the two-dimensional cloaks
stacked on top of each other creating a volumet-
ric structure. The period d of the two-dimensional
transmission-line networks, from which the volu-
metric cloak is constructed from, is 8 mm. We
can hence assume that the networks have isotropic
propagation properties at least up to the frequency
of 3 GHz [6].
To improve the cloaking efficiency of the previ-
ously studied structure [8] at the design frequency
of 3 GHz, the width of the parallel strip transmis-
sion lines is tuned from 1.38 mm [8] to 1.34 mm
with the separation (i.e., height) of the transmis-
sion lines being 2 mm in the z-direction. This
tuning can be considered as tuning of the char-
acteristic impedance of the network itself, as ex-
plained in [6]. With this tuning the transmission-
line networks are matched better to the free-space
impedance and thus the cloaking effect is im-
proved. The transmission lines of the transition
layer have equal width and height and the length
of these lines is equal to 40 mm, see Fig. 1. At
the interface between the network and free space,
the width and height of the transmission lines of
this transition layer are equal to 7.73 mm. This
value is determined simply by the circumference
of the cloak structure at this interface and by the
number of transmission lines in the transition layer
(circumference divided by the number of transmis-
sion lines).
The transmission-line strips are modelled in the
simulation software as infinitely thin sheets of per-
fectly conducting material (PEC). As a reference
object we use the object that we want to cloak,
which in this case is a two-dimensional array con-
sisting of infinitely long PEC rods with a square
cross section of 4 mm × 4 mm. The array lies in
the xy-plane, i.e., the rods are directed along the
z-axis. This array has a cylindrical shape so that
it fills the available space inside the cloak network
almost entirely and it has the same period as the
network, i.e., d = 8 mm. There are 51 PEC rods
along the diameter of this cylindrical array, which
means that the cloaked object’s electrical size is
approximately 4λ0 at 3 GHz.
The cloak operation is studied by simulating the
scattering cross sections (SCS) of the reference ob-
ject with and without the cloak to all directions
in the xy-plane. The SCS is simulated by illumi-
nating the simulation models with TE-polarized
plane waves (electric field E parallel to the z-axis)
and then calculating the scattered power in the
far field. By integrating the SCS over the angle φ
which lies in the xy-plane, we obtain the total SCS
of the two cases. To give a simple representation
of the results, we normalize the total SCS of the
cloaked object to the total SCS of the uncloaked
object. Thus, the resulting normalized total SCS
(SCStot,n) is smaller than 1 when reduction of the
total scattering cross section is achieved.
In Fig. 2 SCStot,n versus the frequency is shown
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FIG. 2: Total scattering cross section of the cloaked
object, normalized to the total scattering cross section
of the uncloaked object. The illuminating plane wave
travels in the +x-direction.
3for the electrically large cloak. SCStot,n is smaller
than 1 in a relative bandwidth of approximately 15
percent, with the center frequency at 2.9 GHz. The
minimum value of SCStot,n is obtained at the fre-
quency of 2.9 GHz, where SCStot,n ≈ 0.36, i.e., the
total scattering cross section of the reference object
is reduced by approximately 64 percent. At fre-
quencies below approximately 2.5 GHz and above
3.3 GHz, the phase velocity mismatch between the
cloak and the free space causes an increase in the
cloak’s scattering even above the level of the bare
reference object, as expected [6].
III. ELECTRICALLY SMALL CLOAK
The electrically small cloak studied here is a
modification of a similar cloak presented in [7].
Here we tune the operation frequency of the cloak
from 2 GHz [7] to 3 GHz, which was the opera-
tion frequency also in the previous example. This
can be done simply by keeping the cloak struc-
ture the same as in [7] but just decreasing the
period of the transmission-line networks to obtain
the same electrical size (diameter) of the cloak at
a higher frequency. The dimensions of the trans-
mission lines are also tuned accordingly to obtain
optimal impedance matching at a higher frequency.
This tuning is done with full-wave simulation soft-
(a)
(b)
FIG. 3: Electrically small cloak. Grey illustrates the
transmission lines of the cloak and black the reference
object.
ware [10], by changing the width of the strips grad-
ually and analyzing the total scattering cross sec-
tion. The resulting cloak structure, with the pe-
riod d of the network reduced from 8 mm to 5 mm
and the length of the transmission lines in the
transition layer reduced from 40 mm to 20 mm,
is shown in Fig. 3. The resulting network has a
diameter of 6d = 30 mm, while the diameter of
the cloaked object is D = 22 mm, i.e., 0.22λ0 at
3 GHz.
Again, as in the case of the electrically large
cloak, the dimensions of the transition layer de-
pend on the circumference of the transition layer
and the number of transmission lines in this layer,
now resulting in the width and height of 9.2 mm
at the interface with free space. The transmis-
sion lines composing the network itself are again
realized as parallel metal strips (modelled by in-
finitely thin PEC strips in the simulation software),
with the width and height equal to 1.04 mm and
1.5 mm, respectively. The reference object in this
case is a two-dimensional array of infinitely long
PEC rods, now having a circular cross section with
the diameter of 2 mm, see Fig. 3.
The scattering simulations are conducted as de-
scribed in the previous section, i.e., a TE-polarized
plane wave travelling in the +x-direction illumi-
nates the structures which are modelled as in-
finitely periodic in the z-direction. The resulting
SCStot,n versus the frequency is plotted in Fig. 4
(solid line), showing the relative cloaking band-
width of approximately 158 percent, with the cen-
ter frequency being at 2.425 GHz. The best cloak-
ing performance with SCStot,n ≈ 0.04 is obtained
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FIG. 4: Total scattering cross section of the cloaked ob-
ject, normalized by the total scattering cross section of
the uncloaked object. Ref. obj. #1: two-dimensional
array of PEC rods. Ref. obj. #2: two-dimensional ar-
ray of PEC rods connected with periodically inserted
discs of PEC. The illuminating plane wave travels in
the +x-direction.
4at the frequency of 3.2 GHz. Therefore, at this
frequency the total scattering cross section of the
reference object is reduced by 96 percent.
The isotropy of the cloak in the xy-plane is con-
firmed by conducting the same scattering simula-
tions as above for different incidence angles in the
xy-plane. Due to the symmetry of the cloak, it is
enough to study incidence angles between 00 and
450. We carried out the scattering simulations be-
tween these incidence angles, with the step of 50, at
the frequency of 3.2 GHz. The resulting SCStot,n
varied approximately between the values of 0.03
and 0.045.
IV. CLOAKING AN OBJECT NEAR A
DIPOLE ANTENNA
Plane-wave illumination is not a good approxi-
mation in many realistic situations where cloaking
would be beneficial. Especially in antenna appli-
cations this will most probably be an important
issue. To demonstrate the robustness of our cloak-
ing approach with respect to this problem, we sim-
ulate a finite-sized cloak near a dipole antenna.
The cloak is used to “hide” a metallic object that
blocks the antenna’s radiation in certain directions.
See Fig. 5 for the illustration of the problem. The
metallic object is such that we can use the electri-
cally small cloak, studied in the previous section,
to cloak it. Instead of a two-dimensional array of
PEC rods we choose to cloak a more realistic struc-
ture, that could be used as a support strut, etc. In
order to make the PEC rods of the reference object
connected to each other, we introduce PEC discs
of a finite height periodically connected to the ar-
ray of PEC rods (same as in Fig. 3), as illustrated
in Fig. 5.
First, to study the effect of changing the refer-
ence object, we repeat the scattering simulations
done in the previous section for this new reference
object (modelled as an infinitely high structure,
due to the periodicity of the simulation model dis-
cussed in the previous section). The results are
shown in Fig. 4 (dashed line), demonstrating that
the cloaking effect remains the same, just a slight
shift in the frequency of the optimal cloaking per-
formance is observable.
Two different cases of the problem presented in
Fig. 5 are studied: the distance L between the
dipole and the metallic object being L = 100 mm
and L = 50 mm. This is to study the operation
of the cloak in the near-field region of the antenna
(note that the wavelength at 3 GHz is equal to
100 mm). Also, moving the object closer to or fur-
ther from the antenna changes the incidence angle
of the fields that impinge on the cloak in both xy-
and xz-planes. One purpose of these simulations
is to study how sensitive the cloak is to changes in
the incidence angle θ.
To cloak this metal object, we have used the elec-
trically small cloak studied in the previous section,
but in this case the cloak has a finite height with
eight periods of the cloak in the z-direction. As
can be seen from Fig. 5, the metal object requires
placement of eight two-dimensional transmission-
line networks one upon another in order to cover
the whole object in the z-direction. The height of
the metal object is 8 × 9.2 mm= 73.6 mm. The
transmission-line networks of the cloak structure
run in the space between the PEC discs, where
there are only the vertical PEC rods, similar to
Fig. 3.
Three different scenarios were simulated for both
values of L: 1) dipole alone in free space, 2) dipole
with the metallic object at distance L away from
the dipole, and 3) dipole with the cloaked metal
object. The easiest way to analyse the results is
(a)
(b)
FIG. 5: Illustration of the simulation model with a
dipole antenna and a metal (PEC in this case) object
blocking the antenna radiation. The dipole length is
50 mm (λ0/2 at 3 GHz).
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FIG. 6: Simulated directivity patterns (linear scale)
for L = 100 mm at the frequency f = 3.1 GHz. (a) H
- plane (θ = 900). (b) E - plane (φ = 00).
to study the radiation patterns in the E- and H-
planes and compare the different scenarios with
each other. We have run simulations studying sev-
eral frequencies, and for both values of L the best
directivity patterns are obtained at 3.1 GHz. The
goal here is to have as good agreement with the free
space scenario and the cloaked scenario as possible,
in the forward and backward directions (φ = 00,
θ = 900 and φ = 1800, θ = 900). See Fig. 6 for the
results for the case of L = 100 mm, which demon-
strates that the metal object alone is causing mas-
sive deformation of the radiation pattern. When
the object is “cloaked,” the directivity pattern re-
sembles the free space situation much better, both
in E- and H-planes.
For the case of L = 50 mm, see Fig. 7. In this
case the cloak cannot preserve the ideal directivity
pattern as well as in the previous case. This is
expected since the cloak is now in the near-field
region of the dipole. Still, for both H-plane and E-
plane patterns the radiation in the direction of the
object (φ = 00, θ = 900) is almost ideal, whereas
with the metal object alone, the radiated power in
this direction is strongly mitigated.
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FIG. 7: Simulated directivity patterns (linear scale)
for L = 50 mm at the frequency f = 3.1 GHz. (a) H -
plane (θ = 900). (b) E - plane (φ = 00).
V. CONCLUSIONS
We have studied two electromagnetic cloaks,
both composed of layered two-dimensional
transmission-line networks. The cloaking perfor-
mance is studied using a commercial full-wave
simulation software. The performance of both
cloaks is first evaluated for ideal plane-wave
illumination. The other cloak, which is electrically
smaller and exhibits larger bandwidth, is simu-
lated also in an antenna scenario, where a metal
object blocking the antenna radiation is cloaked.
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